Abstract Laser-Induced Breakdown Spectroscopy (LIBS) has been demonstrated to be an effective method for slag analysis. In order to better clarify the nature of the plasma generated from a slag sample, an Nd:YAG pulse laser at 1064 nm wavelength was used to ablate the slag sample in air. The temporal and spatial evolutions of plasma parameters, including emission intensity, electronic density and plasma temperature, have been studied. It is shown that the electron density and plasma temperature drop off rapidly with the delay time as a result of plasma expansion and cooling. It has been found that the electron density of the whole plasma is close to that of the center regions in the plasma. The results of the spatial distributions on the two-dimensional plane have shown that there is a big region with lower electron density values caused by the recombination process in the center of the plasma. The maximum of the plasma temperature takes place at the regions close to the target, and the border of the plasma front-head has higher plasma temperatures than that of the center part.
Temporal and Spatial Evolution of Laser-Induced

Introduction
Slag is an important structure that is produced in the metallurgical process. The analysis of slag provides essential information for a metallurgical process control. Commonly, X-ray fluorescence (XRF) is used for slag analysis in steel plants [1] . As a result of the timeconsuming sample preparation and transportation process for XRF, the total time needed for analysis is at least 10 min. So it is difficult to provide the analytical information in time which is needed for the next processing step.
In recent years, Laser-Induced Breakdown Spectroscopy (LIBS) has become a powerful method for the analysis of the elemental composition of materials. It has also been demonstrated to be feasible for slag analysis [2, 3] . Due to its fastness in analysis, and no need for sample preparation and simultaneous multi-element analysis, it has been widely applied in a large variety of fields [4−9] . In order to understand the complex and versatile plasma generated in LIBS and improve the performance of the applications for LIBS, it is necessary to have a knowledge of the time evolutions and spatial distributions of the main parameters, including the emission intensity, the plasma temperature, and electron density. The characteristic parameters of the plasma are complex functions of time and space. Many research papers related to the studies on plasma characteristics with temporal or spatial resolution have been published [10−14] . For example, Monge et al. [10] studied the temporal evolution and two-dimensional distributions of the temperature and electron-density for laserproduced plasma generated with a steel sample. They found that there is a higher spatial variation for the electron density at initial times, and the spatial variation of the plasma temperature in the inner region of the plasma is small. Aguilera et al. [12] investigated the characterizations of the plasma generated with iron samples at different pressures in air. The plasma parameters with two-dimensional spatial resolution and temporal resolution were measured. They found that the results at different air pressures have significant change. In another paper of this research group [13] , they studied the nature of the plasma generated in air and argon. They developed a deconvolution method to transform the measured intensity integrated along the line-of-sight into the radial distribution of emissivity. * supported by National Natural Science Foundation of China (No. 11075184) and the Knowledge Innovation Program of the Chinese Academy of Sciences (No. Y03RC21124)
As a matter of fact, in the previous work, most of the papers have been devoted to the study of parameters distributions and evolutions of the plasma generated with a metallic samples. Compared with metallic samples, the slag samples have more complex compositions. The major components in slag are CaO, Al 2 O 3 , MgO and SiO 2 . For quantitative analysis, internal standard method cannot be used because there is no relative stable component in slag used to serve as the reference. Some researchers [15, 16] have used calibration-free LIBS (CF-LIBS) to analyze the concentrations of the compositions of slag. The calculating process and the analytical accuracy of CF-LIBS rely on plasma parameters. So it is important to clarify the nature of the plasma from the slag sample. In this work, the time evolutions and two-dimensional distributions of the parameters for the plasma induced from a slag sample were measured. The aim of the paper is to gain a further understanding of the properties of the plasma from the slag.
Experimental setup
The experimental arrangement is shown schematically in Fig. 1 . The laser source is a Q-switched Nd:YAG laser (Quantel laser company) with a fundamental wavelength of 1064 nm, pulse energy of 45 mJ, pulse duration of 8 ns, and repetition frequency of 1 Hz. The laser beam was aligned perpendicularly to the surface of the slag sample and focused with a 100 mm focal length plano-convex lens. The distance from the lens to the sample surface was set to 92 mm. Two different optical systems were used to collect the plasma emission: (a) for measurement of the whole plasma, an UV-NIR light collector (Andor technology) was used to couple the whole plasma emission into the fiber; (b) for spatial resolved measurements, a combination system of two lens L2 and L3 of focal length, respectively, a 4f optical system, which consisted of two lenses with the focal length of 10 mm, was used to form the image of the plasma onto the plane of one end of the optical fiber. The core diameter of the optical fiber was 0.1 mm. The fiber was fixed on a translation stage with micrometer precision, and it can be displaced in steps of 0.1 mm along the lateral (y) and axial (z) directions. This collecting system allowed us to detect the local region of the plasma on the image plane, as shown in Fig. 1(c) . The other end of the fiber was connected to an Echelle spectrometer (Mechelle 5000 from Andor technology) equipped with an intensifier chargecoupled device (ICCD) detector (iStar 734 from Andor technology). The ensemble provided a spectral range from 230 nm to 920 nm, a resolution power (λ/Δλ) of 5000 and a time resolution of about 5 ns.
To study the time evolution of the plasma generated from the slag, the spectral emission was acquired with a 0.5 μs gate width starting from 0.5 μs up to 10 μs with a step of 0.5 μs after the arrival of the laser pulse. The delay time between the laser and the spectrum-capture was controlled by a digital delay and pulse generator (DG645 from Stanford Research Systems). For spatial resolution study, both the delay time and the gate width were set to 1 μs. The boundary of the plasma for measurement in our study was determined by observing the continuum emissions from the plasma. When the continuum emissions just disappeared, the corresponding positions were set as the borders of the plasma. The range of the plasma on y axis was from −1.8 mm to 1.8 mm, and is from 0 mm to 3 mm for z axis. In order to improve the signal-to-noise ratio, each measurement consisted of the accumulation of the emission from 50 laser shots. The slag sample can be removed by an x-y stage in order to provide a new position between consecutive measurements. The slag samples were provided by Ma'anshan Iron & Steel Co., Ltd. of China. Fig. 2 shows a typical spectrum for the slag sample. 
Temporal evolutions of the electron density
The electron density is an important parameter used to describe the plasma characteristics and evaluate the local equilibrium status of the plasma. Under normal conditions for LIBS, the contributions of broadening mechanisms other than the Stark broadening (such as Doppler broadening, resonance pressure broadening, instrumental broadening, etc.) can be ignored. The Stark broadening is the dominant broadening process of the line profiles. One of the most common methods used for determining the electron density was measuring the Stark broadened line profile of an isolated atom or singly charged ion spectral line. The full width at half maximum (FWHM) of the Stark-broadened lines Δλ 1/2 is related to the electron density n e by Eq. (1) [17] .
Here n e is the electron density, w is the electron impact parameter, A is the ion broadening parameter, and N D is the number of particles in the Debye sphere. This expression can be reduced to Eq. (2) in view of the small contribution of the second term.
In this work, we will use the Stark broadening of the Ca II line at 396.85 nm to calculate the electron density because Ca II line at 396.85 nm is relatively stronger, and there is no obvious self-absorption and spectral overlap. One can get the full-width at half maximum for Ca II: 396.85 nm by fitting the line spectra with Lorentz function.
We studied the time evolutions of the whole plasma and local regions at different distances from the surface of the sample (z axis). The temporal evolutions of electron density are shown in Fig. 3 for the whole plasma and local regions at six different distances from the sample. As can be seen in Fig. 3 , both the electron density of the whole plasma and that of the local regions decrease rapidly with time up to 3 μs, and then the curves become flat. The fast decay rate at the early time of the plasma evolutions can be attributed to the plasma expansion, while the slowing down and leveling off at the longer times are probably due to electron-ion recombination processes.
Although the electron density changes with similar trends, it is shown that the values have significant variations at different distances from the surface. It has been confirmed that the laser-induced plasma is a non-homogeneous spectroscopic source. In the plasma regions far from the sample surface (z = 2.2 mm and 2.7 mm), the electron density is higher, which changes from 2.43×10
18 cm −3 to 5.62×10 18 cm −3 as a function of the delay times. The regions close to the sample surface (z = 0.2 mm and 0.7 mm) have moderate values of the electron density. In the central part of the plasma (z = 1.2 mm), the electron density has lower values.
When the results of the whole plasma are compared with that of the local regions of the plasma, it is noticed that the values of the electron density for the whole plasma are very close to the values observed in the central region of the plasma (z = 1.2 mm). As a result of the non-homogeneity of the plasma, the values of electron density do not correspond to an arithmetical average of their distributions along axial directions (z axis) but rather to a population average. Since electron density is measured from the line of Ca II: 396.85 nm, the population average of electron density is dominated by the region where the emission from Ca II: 396.85 nm is the strongest. The detail of the spatial distributions of the plasma parameters will be discussed in section 3.3 of this paper.
Temporal evolutions of the plasma temperature
Assuming that the local thermodynamic equilibrium (LTE) exists in the plasma, the electron density has to be high enough so that the collisional rates exceed the radiative rates. In this case, the excitation and ionization temperatures coincide with the electron temperature.
The most widely used method to determine the temperature of laser-induced plasma is the Boltzmann plot method [18] , which provides the excitation temperature. In LTE conditions, the line intensity I ki can be given by the relation:
where g k and A ki are the statistical weight for the upper level and the transition probability, respectively; κ is the Boltzmann constant; E k is the upper level energy; N (T ) and U (T ) are the number density and partition function of the considered species. In order to obtain a more accurate plasma temperature, several emission lines of the same species with a wider range of the upper level energies should be selected for the Boltzmann method. But for materials such as the slag used in our study, it is difficult to find so many sensitive lines of one species with wide range of upper level energy to be used for the method. In this case, the Saha-Boltzmann method can be used, which provides the ionization temperature. This method allows a significant extension of the range of E k by using the emission lines from different ionization stages of a given element. For Saha-Boltzmann method [16] , we can relate the line intensities from different ionization stages to plasma temperature through an equation similar to Eq. (1).
By this relationship, we can place the emission lines from ions and neutrals on the same plot. It is noticed that the two sides of Eq. (4) 
In Eq. (5), m e and h are the electronic quality and Planck constants; z presents the type of specie. In our study, only neutral (z = 0) and single ionized species (z = 1) were considered. In Eq. (6), E IP is the ionization energy; ΔE is the correction term for the slight shift of the ionization energy, which is caused by the interaction within the plasma (plasma polarization within a small range, etc.) in a certain range of plasma temperature and electron density. This can be obtained by the following equation [15] :
In this equation, e and ε 0 are the electronic charge and vacuum dielectric constants; ρ D is the Debye length.
As ρ D in Eq. (7) and the second term of the right side in Eq. (5) depend on the plasma temperature and the electron density, it needs an iterative procedure to calculate the temperature [19] . The initial temperature value is obtained from the ionic data. The electron density is calculated by the method illustrated in section 3.1. The iterative procedure is then carried out by a program made by our group.
As for the slag sample in our study, the concentrations of CaO are relatively higher than the other components. We can detect several sensitive lines of Ca I and Ca II simultaneously with the Echelle spectrometer. It should be noticed that the self-absorption of the spectral lines may cause a calculating error of the plasma temperature. Therefore, eight lines of Ca I and five lines of Ca II with non-obvious self-absorption were selected to perform Saha-Boltzmann plots. The plasma temperature corresponds to the ionization temperature in our work. The spectroscopic parameters shown in Table 1 are taken from the NIST atomic database [20] . Fig. 4 shows the typical plots obtained for the gate delay time t d of 0.5 μs, 2 μs and 5 μs. The temperature values were calculated from the slopes of the linear fittings. As can be seen, the upper level energy for the Saha-Boltzmann plot on the abscissa (E k or E * k ) has a wide range from 2.93 eV to 12.82 eV. It is also shown that the plasma temperature has a significant variation for different delay times. The plasma temperatures of the whole plasma and the local regions of the plasma were calculated by the Saha-Boltzaman method. The time evolution of plasma temperature as a function of the acquisition delay time is studied. Fig. 5 shows the variation of plasma temperature with delay time for the whole plasma. It is found that the values of the plasma temperature decays rapidly after the laser pulse. From the result, we can see that the plasma temperatures show exponential decay as the delay time increases. The experimental data of plasma temperatures at different delay times were fitted to an exponential curve. The values of the temperature dropped from 11722.63 K to 7337.08 K as the delay time increases from 0.5 μs to 10 μs. The significant drop of the plasma temperature can be attributed to the plasma expansion and cooling. On the other hand, the plasma temperatures were stable at a value about 7700 K with the delay time longer than 6 μs. This can be interpreted as a consequence of recombination energy in the process of decreasing degree of ionization. The plasma was slightly reheated by this energy, so the plasma temperature has a small variation for longer delay times. To calculate the plasma temperature by the SahaBoltzmann method, we have assumed that the plasma is in local thermodynamic equilibrium (LTE). For LTE to hold in the laser-induced plasma, the collisions have to dominate over the radiative processes, a sufficiently large electron density is required. The criterion is [15] :
where n e (cm −3 ) is the critical electron density; T (K) is the highest plasma temperature in our study; and ΔE (eV) is the largest energy gap difference between the transition levels. For the time evolutions of the plasma in our work, the value of T is 11967.9 K at the delay time of 500 ns in the local regions with an axial distance of 0.2 mm. The value of ΔE is 3.92 eV for Ca II 315.89 nm. To satisfy LTE, the critical value for n e obtained from Eq. (8) 18 , which are far greater than the critical value. While it is worth emphasizing that the critical value for n e is only the necessary but not sufficient condition of LTE, one should be careful to check LTE.
Spatial distributions of line intensities
The distributions of the plasma characteristics, including the emission intensity, plasma temperature and electron density on the two-dimensional space, were investigated in detail. The spectra were obtained at several positions (y, z) in the plasma. It should be emphasized that the spectra at a given lateral position of the plasma are integrated along the line-of-sight on the x axis. If these spectra were used to determine the parameters of the plasma, then the values are the population average along the line-of-sight. In our study, the results of the spatial distributions correspond to that of the side view of the plasma on the image plane of the collecting system shown in Fig. 1(b) . Each measurement is obtained at a delay time of 1 μs with a gate width of 1 μs. Fig. 7 shows the distributions of the emission intensity for atom lines on the two-dimensional space. The line intensities of Ca I: 422.67 nm and Mg I: 517.27 nm were selected for analysis. As can be seen, the maximums of emission intensity for these two lines take place mainly in the center of the plasma along the y axis. Both graphs are almost symmetric about the y axis. However, on the axial direction (z axis), the intensity values are higher in the regions far from the sample surface with z from 1.2 mm to 2.5 mm (from the yellow part to the maximum value). The region with higher intensity of atom lines shows an elongated shape on the z axis near the central position of the y axis.
The spatial distributions of the emission intensity for the ion lines were also obtained, as shown in Fig. 8 . The Ca II: 396.85 nm and Mg II: 279.56 nm were analyzed. Although the graphs for the distributions for the ion line intensities are also symmetric along y axis, a remarkable difference from that of the atom lines can be observed. It is an elongated shape on y axis of the regions with a higher intensity of the ion lines. Compared with that of atom lines, the range of z for this region is decreased, which is from 1.5 mm to 2 mm. For Ca II: 396.85 nm, which is used to calculate the electron density in section 3.1, the strongest region of line intensities is located at the center of the plasma. So the electronic density of the whole plasma is dominated by these re-gions, which is the reason that the electron density is close to that in the central region of the plasma. 
Electron density and temperature distributions
The spatial distributions of electron density and plasma temperature were obtained by the procedures described in section 3.1 and section 2, respectively, and the results are shown in Fig. 9 . As can be seen, the shapes of the distributions of these two plasma parameters along y axis on the image plane are both almost symmetric. However, the distributions of the electron density and plasma temperature have remarkable differences. As shown in Fig. 9(a) , the minimum value of the electron density occurs at the central regions of the plasma. It is noticed that there are two regions with low values of electron density along y axis. The range of the lateral distances from the sample surface for one of the regions is from 0.5 mm to 1.5 mm (y axis), and that of the other region is from −0.5 mm to −1.5 mm. The maximum value of the electron density takes place at the region far from the sample surface (z axis, from 2 mm to 2.5 mm), and the region is close to the central position of the y axis. The regions close to the sample surface have moderate value of electron density. An internal minimum also seems to be present in the spatially resolved characterization of plasma as described in Giacomo's studies [21] . This behavior can be interpreted in terms of the recombination processes in these regions. In addition, the electron densities at the border of the plasma are higher. The line broadening caused by selfabsorption effect is related to this behavior. Because of the low temperature of these regions, the spectral line of Ca II: 396.85 nm, which was used to calculate the electron density, suffers serious self-absorption. For the distributions of the plasma temperature, as shown in Fig. 9(b) , two main observations can be highlighted: first, the plasma temperature spatial profile is also symmetric to the central position along y axis; second, the maximum values of the plasma temperature take place at the regions close to the sample surface, and at a greater axial distance (z >1 mm), the temperature values at the border of the plasma are higher than that in the central regions. The process of plasma expansion acts like an explosion in which the particles with high energy propagate in the space away from the sample surface. After the formation of the laser-induced plasma, the thermal energy is rapidly converted into kinetic energy in the regions close to the sample surface, with plasma attaining maximum expansion velocities and thereby causing the temperature to drop off as the plasma expands. As a result of the anisotropy of the plasma, the particles in different directions have different propagating velocities. So the cooling rate of the plasma in different propagating directions is not a constant. As we can see in Fig. 9(b) , at the central position of y axis, the plasma temperature decreases rapidly along z axis. The electron temperature close to the target is about 11495.6 K and, the plasma temperature drops to 9202.68 K at z= 2.5 mm. But in the other directions, the temperature drop is smaller. A typical trend is observable on the z axis in the regions away from the center of the lateral direction, where the temperature, moving away from the target, decreases and reaches a minimum, and then rises again near the front-head of the plasma. The increase of the plasma temperature in these regions can be interpreted by the increasing collision frequency with the atmospheric particles in the regions of the front-head of the plasma. On the other hand, the decrease of the line intensity caused by self-absorption can also contribute to the plasma behavior at the border. As a result of self-absorption, the calculated values of plasma temperature are higher than the actual values.
To justify the LTE assumption, we have also obtained the critical electron density from the experimental data of spatial distributions using Eq. (8) 
Conclusions
We have investigated the characteristics of the laserinduced plasma from slag by temporal and spatial resolution. First, the time evolutions of the plasma parameters for the integrated emission from the whole plasma and at local positions along the axial directions were studied, respectively. It has been found that the electron density of the whole plasma is close to that of the local plasma at the central position in the axial direction. This is mainly attributed to the distributions in this region of Ca II 396.85 nm, which is used to calculate the electron density. The results of the plasma temperature show that the regions close to the sample surface have higher temperature values at all the delay times. In order to clarify the characteristics of the plasma in the space, a two-dimensional side view distribution of the plasma parameters, including line intensities, electron density and plasma temperature, were measured. It has been shown that the distributions of the atom and ion line intensities exhibit slight differences. The maximum of atom line intensities takes place at the regions far from the sample surface but that of the ion line intensities appears at the center of the plasma. The distributions of the electron density and plasma temperature for slag samples are more complex functions of the spatial positions than that of the metallic samples reported in previous studies. Two big regions with low electron density values were found at the central positions on the axial direction. They are symmetric about the central position of the lateral directions. This can be interpreted by the recombination processes in these regions. As the plasma expands, the regions close to the target have higher plasma temperatures, and the front-heads of the plasma have lower values of the temperatures. However, as the result of the different cooling rates in different portaging directions, the border of the plasma in the regions far from the target has higher values than that at the center positions.
